Modeling and control for axial ow compression systems have received great attention in recent years. The objectives are to suppress rotating stall and surge, to extend the stable operating range of the compressor system, and to enlarge domains of attraction of stable equilibria using feedback control methods. The success of this research eld will signi cantly improve compressor performance and thus future aeroengine performance. This paper surveys the research literature and summarizes the major developments in this active research eld, focusing on the modeling and control perspectives to rotating stall and surge for axial ow compressors.
Introduction
Compressor rotating stall and surge are primary design constraints which e ectively reduce engine performance, and which consume a major fraction of an engine development program. These are instabilities that arise in the unsteady uid and structural dynamics. One reason that these unsteady aerodynamic instabilities can lead to large penalties in performance is that they are di cult to predict accurately during design. Feedback control has to be employed to suppress the rotating stall and surge in order to extend the stable operating range and/or to enlarge domains of attraction of stable equilibria for compressor systems and to improve the engine performance.
There were three important developments in this active research eld in the past decade. The rst was the low-order nonlinear state-space model developed by Moore and Greitzer 38] that captures the nonlinear dynamics of the compressor system through its bifurcation characteristic 4, 37] . The application of classical nonlinear dynamics to rotating stall and surge dynamics motivated the second important development: a simpli ed approach to rotating stall and surge control based on bifurcation theory. This idea was developed by Abed and his coworkers 2, 4] and This work was supported in part AFOSR and ARO, and was partially carried out in WL/FIGC of WPAFB. was shown to be e ective for implementation in industrial turbomachinery by Nett and his group 19] . Another important development was the linear control method pursued by the MIT group 18, 40, 20] . This survey paper will focus on these three developments on modeling and control of rotating stall and surge in axial ow compressors. Due to space limitations, many details, such as derivation of the nonlinear di erential equations and bifurcation diagrams, are omitted, but the related literature is cited. It is hoped that this survey paper will stimulate research interests from the control community in the area of rotating stall and surge control for compressors.
Rotating Stall and Surge in Axial Flow Compressors
Axial ow compressors are subject to two distinct aerodynamic instabilities, rotating stall and surge, which can severely limit the compressor performance. Both these instabilities are disruption of the normal operating condition which is designed for steady and axisymmetric ow. The transition from normal compressor operation into rotating stall is depicted in Figure 1 where is the circumferential mean of the ow coe cient , and is the nondimensionalized pressure rise. As the ow coe cient through the compressor is decreased (i.e., as the downstream throttle closes in an experiment), the pressure rise increases. This trend continues until the system goes into either rotating stall, surge (deep surge), or both (classic surge). For the case of rotating stall, the lowest ow coe cient at which the compressor can operate with axisymmetric ow is point A, the peak of the characteristic. At lower ows, an abrupt transition occurs, and compressor is throttled into rotating stall (point B). There is a substantial drop in pressure rise and a decrease in ow coe cient (segment A-B). This condition will persist until the ow is increased to point C. Thus there exists a severe \hysteresis", or range of ow coe cients at which two stable operating conditions exist { steady axisymmetric ow and rotating stall. Once a compressor enters fully developed rotating stall, both rotor and stator blades pass in and out of the stalled ow causing tremendous stress. Any substantial length of time in this mode can result in excessive internal temperatures due to low e ciency associated with the presence of rotating stall. In addition, an even more serious consequence that can occur in an engine is that the low ow rates obtained during rotating stall can lead to substantial overtemperatures in the burner and turbine 22]. At present, the only remedy to get out of rotating stall is to shut down the engine and restart it again 38]. Rotating stall is a severely non-axisymmetric distribution of axial ow velocity around the annulus of the compressor, taking the form of a wave or \stall cell", that propagates steadily in the circumferential direction at a fraction of the rotor speed. Pure surge, on the other hand, is an axisymmetric oscillation of the mass ow along the axial length of the compressor. Deep surge is a mostly axisymmetric oscillation with such a large variation of mass ow that during part of the cycle the compressor operates in reversed ow. The frequency of the surge oscillation is typically an order (or more) of magnitude less than that associated with the passage of rotating stall cells. If surge occurs, the transient consequences such as large inlet overpressures can also be severe. However the circumstances may well be more favorable for returning to unstalled operation by opening either the throttle or internal bleed valves, since the compressor can operate in an unstalled condition over part of each surge cycle. Often surge and rotating stall are coupled (classic surge) although each can occur without the other. For the case of classic surge, the compressor may pass in and out of rotating stall during a surge cycle, with rotating stall characteristics appearing to be quite similar to those obtained during steady-state operation. Thus rotating stall and surge, though coupled, are well de ned enough that each can be studied alone for low speed axial ow compressors 40] .
Rotating stall and surge are mostly caused by disturbances. Those having largest and most destabilizing e ects are: circumferential distortion, planar turbulence, and combustion. Substantial rotating stall and surge margins are required in the selection of a compressor operating point in order to maintain steady axisymmetric ow. Consequently, compression systems are forced to operate with far less performance operating point than point A, the peak of the compressor characteristic ( Figure 1 ). Even then, with all the above mentioned disturbances present in the worst case, there is no absolute assurance for the compressor to escape rotating stall and surge completely. Appropriate measures (e.g., passive or active control) need be taken in order to improve compressor performance. 3 
Moore-Greitzer Model
Modeling the nonlinear behavior of rotating stall and surge in axial ow compressors has been pursued for about two decades. Greitzer is clearly a pioneer 22, 23] . Although there are many models for rotating stall and surge, the nonlinear model developed by Moore and Greitzer 38] dominates the recent study on rotating stall and surge control because it is a low-order state-space model and it captures the nonlinear features of rotating stall and surge. This section gives a brief review to the Moore-Greitzer model. The basic compression system is shown in Figure 2 38] where P T is the total pressure upstream of the compressor and P S the static pressure in the plenum. The ow is assumed to be incompressible in the compressor, though the gas in the plenum is compressible. It is further assumed that the ow is irrotational having no radial variation as it proceeds from an upstream reservoir through the entrance duct to the inlet guide vane entrance at station 0. Such assumptions hold for low speed compressors with high hub-to-tip ratio. The local ow coe cient at station 0 is denoted by ( ; ) with the time nondimensionalized by the rotor speed, and the wheel angle.
The circumferential mean of the ow coe cient at station 0 is denoted by ( ) and is given by 
The pressure rise coe cient is de ned as = (P S ? P T )=( U 2 ) with P S static pressure in plenum, P T total pressure in atmosphere, the gas density, and U the wheel speed at the mean radius R of the rotor. It is governed by 38]
where l c is the total aerodynamic length of the compressor and duct, and the exit duct length (5) with A c the compressor duct area, and L c , the physical dimension of l c . By assuming parabolic throttle characteristic with K T throttle coe cient, (5) is equivalent to
An important step in the derivation of Moore-Greitzer model is the projection of the PDE (2) to ODE 1 through the use of the spatial harmonic form for disturbance velocity potential 38, 2]:
1 n e n a n ( )e jn + a n ( )e ?jn ; 0; (7) because' satis es Laplace's equation with boundary condition as in (1) . Note that fa n g is de ned
as the SFC (spatial Fourier coe cient) at station 0, or = 0. It follows that
' 0n ; ' 0n = WA n ( ) sin(n ? r n ( )); A n = 2ja n j=W: (8) If ' 0 contains only one harmonic term (Galerkin's procedure), then r n ( ) = r n with r n constant wave speed. 
where J n = A 2 n . Equation (9) is the same as (6). Equation (10) is obtained by substituting the harmonic form of' into (2) and integrating over a period of 2 . Equation (11) is obtained by the same procedure, but multiplied by sin(n ? r n ) before integration since r n ( ) = r n . If instead, cos(n ?r n ) is multiplied before integration, then it can be veri ed that the wave speed is given by r n = n=(2 1 + a ]). Two modi cations were proposed for the compressor model in the literature. One is the nite value for l F as in (1) For axisymmetric and steady ow, the equilibrium point ( e ; e ; J e ) is governed by e = 1 2 K T 2 e = c ( e ); J e = 0: Simple calculation shows that linearization about = e < 2W , = c ( e ), and J n = 0 is unstable due to the positive slope of c ( ) (dotted portion of the c ( ) curve in Figure 1 ), while the quilibrium points corresponding to e > 2W are stable due to the negative slope of c ( ) (solid portion of the c ( ) curve). Thus small disturbance ow at such an operating point will be rapidly developed into either rotating stall, or surge, or both.
For pure rotating stall, time derivatives in (9)- (11) must vanish. Equation (11) Thus pure rotating stall wave occurs at the peak (point A of Figure 1 at which e = 2W ). It is interesting to observe that in order for J e 0, it is necessary for to satisfy 0 2W . When the value of J e is substituted into the right hand side of (10) The transition from axisymmetric operating point to pure rotating stall is fast because pure rotating stall is a stable operating point, although undesirable, while none of the other points on the A-B path in Figure 1 is a stable equilibrium. If the throttle increases, the axisymmetric and steady ow is not recovered along the path A-B. Instead, it moves along the path B-C (governed by the cubic curve s , instead of c ) until it reaches the segment of unstable operating points on the s curve (dotted portion). It then rapidly settles into the axisymmetric and steady ow at point D. Hence Moore-Greitzer model captures the nonlinear behavior of rotating stall and explains the so called \hysteresis" in Figure 1 . However it does not account for the ow separation in blades (short length rotating stall) as explained in 14, 16] with experimental results. For pure surge, _ J n = J n = 0. The dynamics is governed by (9) and (10) with J n = 0. The linearized system may have eigenvalues on either imaginary axis or strictly right half plane. In this case the disturbance wave is axisymmetric but unsteady (deep surge), and can be considered as zeroth mode for the disturbance in (7) . A general situation is clearly when rotating stall and surge are coupled. It is emphasized that all these cases are captured by Moore-Greitzer model. 
Denoting = 2BH=W , and = 1:5al c =(1 + a =n), (9) { (11) 
The rst equation represents axisymmetric and steady ow, while the second one stalled equilibria.
The linearized model about an equilibrium (~ e ;~ e ;J e ) is given by ; L e = : (19) Local stability of the equilibria can be determined by checking location of the eigenvalues of L e , except the critical operating point at the peak of performance characteristic curve~ c ( ) at which L e has one eigenvalue at the origin with the rest on left half plane, inducing pitchfork bifurcation.
It should be clear that the parameter~ c0 is compressor dependent. The bifurcation analysis in 37]
shows that~ c0 = 4 is an interesting value. For~ c0 > 4, the pitchfork bifurcation is supercritical and thus the critical operating point at the peak of~ c ( ) is locally stable. For~ c0 < 4, the pitchfork bifurcation is subcritical and thus the critical operating point at the peak of~ c ( ) is locally unstable. A bifurcation diagram is depicted in Figure 3 to illustrate the stability property with solid line stable, dashed line unstable. 
The The asymptotes of in Figure 4 is smaller than c , the critical throttle parameter at which rotating stall is born. Denote the curve in Figure 4 as B H ( ), and assume that H = 0:18 and W = 0:25. Using the results on the enforced Van der Pol equation, (see also 23]), McCaughan was able to conclude that if B is close to but below B H ( ), the limit cycle is unstable and a rotating stall disturbance tends to be ampli ed. As B increases from B H ( ), the limit cycle grows rapidly and a nonaxisymmetric disturbance tends to be heavily damped, and thus the axisymmetric ow becomes stable, though unsteady. The later situation is associated with deep surge.
WhenÃ e > 0 appears at = s (assuming that~ c0 < 4) the Hopf bifurcation occurs at = HB when the matrix L e has a pair of imaginary eigenvalues and a real eigenvalue. For < HB , the xed pointÃ e > 0 is completely stable and that implies rotating stall solution for the compression system. However if~ c0 is approximately smaller than 2:07, the bifurcations are always subcritical regardless of the value of ; hence the limit cycle born at the Hopf bifurcation is unstable. When~ c0 is approximately greater than 2:07, the Hopf bifurcation is at rst supercritical, and then becomes subcritical as is decreased. Since the third eigenvalue is stable, a supercritical Hopf bifurcation implies a completely stable limit cycle. The bifurcation analysis is consistent with the conclusion in 38]: for small value, large B parameter (thus large value) favors surge while small B parameter (thus small value) favors rotating stall. Thus B parameter is important in determining the nonlinear dynamics of the compression system 22, 23, 38, 19] .
Rather than continuing further with the bifurcation analysis as in 37] or as in 2, 4] for the case > 0, we turn our attention to the nonlinear control method developed initially in 3, 34, 45] and implemented in 19] that is based on bifurcation characteristic of the compression system.
Suppose that = 0 + u with u the control actuating signal, and 0 the nominal throttle position synthesizing the disturbance e ect from inlet and combustion chamber. Then the nonlinear control system governed by (9)- (11) (23) about the axisymmetric and steady ow where L e is the same as in (19) with A e = 0. Thus a zero eigenvalue of L e is born at 0 = c when~ 2 e = 1 or e = 2W at which axisymmetric and steady ow loses stability. Any nonaxisymmetric disturbance ow will develop into fully stalled ow. Actually the problem is not the loss of stability for the axisymmetric and steady ow but the loss of stabilizability for the linearized control system (23), because the eigenvalue at the origin is not controllable. Thus linear control method is inadequate to address the problem of rotating stall
control. An important result in 34, 45] is the use of nonlinear control of the form u = KÃ 2 . It was shown in 34, 45] that with u = KÃ 2 , the subcritical pitchfork bifurcation at 0 = c can be made into supercritical bifurcation (see (a) of Figure 3 ). The elimination of the subcritical bifurcation removes the hysteresis and stabilizes the bifurcated equilibrium solutions. The control law of 34, 45] was further improved and successfully implemented in 7, 19] in combination with nonlinear observer-based surge control law in 8]. A bifurcation approach was also used in 24, 13] with feedback control laws of u = K= p~ , and u = K(~ ?~ e ) respectively. Both achieve the same stabilizing results for the third order Moore-Greitzer model in (14) Very recently a di erent nonlinear approach was proposed in 32] for control of rotating stall and surge. It assumed that is an actuator with no uncertainty, and its feedback control law actually has a linear form = 1 p~ n 1 +~ e + k 1 ~ ?~ e + k 2 ~ ?~ e o : (25) Using backstepping method, it was shown in 32] that k 1 and k 2 can be chosen such that the resulting nonlinear feedback system is globally stable at any set point ( e ; e ). However, it should be clear that only one equilibrium point (in either (17) or (18) 
Linear Perturbation Model and Feedback Control
Another important development in rotating stall control, motivated by Moore-Greitzer model, is the linear control method using inlet guide vanes (IGVs) as actuators. It was suggested rst in 18] to actively damp rotating stall waves at low amplitude by using linear feedback control. Rotating stall can be viewed as the mature form of the rotating disturbance. Damping of the wave would prevent rotating stall from developing, thus extending the stable ow operating range on c ( ) (Figure 1 ) which is not achievable using throttle as actuators. The philosophy is to measure the wave pattern in a compressor and generate a circumferentially propagating disturbance based on those measurements, so as to damp the growth of naturally occuring waves. In the particular implementation described in 40, 41] , individual IGVs in upstream are \wiggled" to create the traveling wave velocity disturbance. The ow that the upstream sensors (measured with hot wires) and downstream blade rows see is a combination of naturally occuring instability waves and the imposed control disturbances. As such, the combination of compressor and controller is a di erent machine from the original compressor | with di erent dynamic behavior and di erent operating stability. However in pursuing the linear control method to suppress the rotating stall, it was soon realized that the time lag from the nonaxisymmetric disturbance ow to the disturbance in pressure rise was not taken into consideration in the Moore-Greitzer model. Thus a linear perturbation model was developed in 18, 26, 39] .
Using the same notation as in the previous section, the nonaxisymmetric disturbance ow has the form as in (7) 
Note that f n g is the SFC (spatial Fourier coe cient) at = 0, and thus has the same physical meaning as fa n g in (7). The actuator is the densely distributed IGVs for which each individual vane has an incidence of ( ), dependent on . The actuating signal is , the variation of the incidence that has a SFC form
The objective is to synthesize as a function of ' such that it damps the disturbance and extends the stable operating range against rotating stall. By ignoring the surge dynamics, and taking IGV into consideration, the PDE (2) is projected into the following single ODE by using ' 0 = n e j , in conjuction with linearization at constant value of : is employed to enhance the damping ratio. The control signal ( ; ) is generated according to (27) where the summation is with respect to those modes to be controlled. Clearly this is a state feedback control law by the de nition of state variables in (29) . Through experimental trials, the best values of the magnitude and phase for k n 's, in terms of maximizing the damping ratio, were obtained, and implemented that achieve the extension of the stable operating range. For using rst mode feedback (n = 1), the ow coe cient at stall were reduced by 11%. When the second mode (n = 2) was also used for feedback, the stall ow coe cient was reduced by 18% 39, 40, 41] . The work reported in 40, 41] also presented a methodology on how to use the general theory and algorithms from system identi cation and control system design for practical engineering problems. It gave a guideline in later research work on rotating stall and surge control for high speed compressors using linear control theory.
Further Developments on Modeling and Control
In the past several years there have been other signi cant new developments in modeling and control for rotating stall and surge in axial compressors. It is not possible to account every one of them in this survey paper. Thus only those works relating to the modeling and control of compression systems will be described in this section.
As mentioned earlier, Moore-Greitzer model does not take the time lag between ow perturbation across the compressor and the development of perturbation pressure rise into consideration. This problem was investigated further in 26]. An interesting fact is that such time lag stabilizes the high order spatial harmonic modes to a greater extent than the lower ones. As such, only a small number of spatial harmonic modes require control action for the purpose of suppressing rotating stall. Another interesting development is the multi-mode Moore-Greitzer model assuming nitely many harmonics in the disturbance ow ' 35] , which is an order of 2N + 2 (N pairs of critical modes corresponding to rotating stall, and one pair to surge). It is a numerical e cient (compared with the PDE model) and more accurate (compared with the third order Moore-Greitzer model) representation of the model. Moreover a Lyapunov stability procedure was also developed in 35] for the analysis of nonlinear phenomena of rotating stall and surge that shed more lights on nonlinear control system design of compression systems. The multi-mode model and its Lyapunov function in 35] were employed in 33] to derive an equilibria-dependent feedback control law that globally stabilizes the operating point anywhere on the right of the peak of the compressor performance curve c ( ). Local stabilization of the critical point at the peak of c ( ) was obtained for both the multi-mode and full PDE models in 9] that requires no distributed sensors. Perhaps the most important result of all is the backstepping based global stabilization law in 12] which is the extension of the control law in 34, 30] to the full PDE model. At this stage, theoretical study for throttle-based actuating compression control systems seem to be quite adequate. Future focus should be directed to more practical issues such as bandwidth, and magnitude limitations of the actuators.
Another problem with Moore-Greitzer model is that it assumes incompressible ow. This assumption holds only for low speed compressor machines, but not for high speed machines in which acoustic spinning modes are excited. Because engineering interests in rotating stall and surge control are improvement for future aeroengine performance, it is imperative to study the high speed compressor machines. Notable research work on compressor modeling includes 2D models for both linearized and nonlinear compressible ow. In 27], the model assumes 2D linearized compressible ow in all of the inter-blade passages and ducts, and 1D linearized compressible ow in the blade passages. Using this model, additional modes of the compressor aerodynamic oscillation were identi ed in 43]. This model was augmented with sensors and actuators in 20] and is now suitable for controller synthesis and analysis. Compressible 2D nonlinear models are currently under development at MIT and UTRC, including 3D nonlinear models. With the success for control of rotating stall and surge in low speed compressors, many of the research centers (UTRC, Rolls-Royce, and MIT) are also moving into high speed compressors with reasonable success in active control of rotating stall and surge.
For rotating stall and surge control, many di erent sensor-actuator schemes are available 42, 28] . Recently there is an increased interest in using air injectors as actuators and pressure transducers as sensors because of the initial work in 15], which employed a ring of 60 small air injection slots fed by a single valve, and demonstrated its e ectiveness for rotating stall through experiment results. The study in 28] in fact suggested that air injection is one of more promising choices for attenuation of rotating stall. Since then more experimental study was conducted, and reported in several papers. In 17] a set of three air injectors are equally placed on the sensor ring in front of the rotor. The basic strategy of the control algorithm was to sense the location and magnitude of a stall cell with three equally spaced dynamic pressure transducers and apply pulses of air to locations of decreased pressure. In 11, 20] , the use of jet actuators is more sophisticated where a circumferential array of 12 jet actuators is paced 63 mm upstream of the compressor face with down stream static pressure as measured output. The linearized compressible ow model developed in 27] was modi ed in 20] to develop a rational transfer matrix relating the actuator input and sensor output determined by system identi cation methods, and the LQG control methodology is then used to synthesize the feedback controller for active suppression of rotating stall. Regarding the use of sensors, local ow rate measurements with hot wires are gradually repaced by static pressure measurements with pressure transducers distributed on the circumference of the compressor duct, because the former is a very delicate and expensive device while the later is cheap and more durable to the volatile ow eld.
Up to present, three di erent types of actuators have been implemented and tested experimentally: inlet guide vanes 40, 41] , air injection 15, 20, 17] , and throttle (implemented with bleed valves) 7]. Although this paper has focused on throttle based actuators, they are less e ective for rotating stall control due to the limitation of bandwidth, and saturation. Inlet guide vanes and air injectors are more successful in attenuation of rotating stall in laboratory experiments. On the other hand, bleed valves exist in the current con guration of axial ow compressors, and thus they are least expensive to be employed as actuators which is contrast to the other two. Moreover, bleed valves are more viable actuators for surge control than inlet guide vanes and air injectors. Therefore it is di cult to judge at this stage which type of actuators is the best. Perhaps a more interesting direction to explore is the combination of di erent types of actuators such as in 10], where air injectors are used to achieve rotating stall control, and bleed valve to achieve surge control. Such combination enhances greatly the control e ectiveness. Thus nonlinear feedback control using jet actuators in combination with other types of actuators and sensors, will be an important research direction in the near future.
Conclusion
This survey paper reviews the recent developments for rotating stall and surge control in compression systems. In spite of the signi cant developments in rotating stall control, there are still many problems to be studied. The most important one is the control system design for suppressing both rotating stall and surge for high speed compressors. We hope this survey paper will spur the research interests from the control community in this active research eld. Because of the vast literature in this eld, we apologize in advance if some of the important work was overlooked.
